Aberrations in the cyclin-dependent kinase (CDK) pathways that regulate the cell cycle restriction point contribute to genomic instability and tumor proliferation, and can be targeted by recently developed CDK inhibitors. We therefore investigated the clinical correlates of CDK4/6 and CDKN2A/B abnormalities in diverse malignancies. Patients with various cancers who underwent molecular profiling by targeted next generation sequencing (Foundation Medicine; 182 or 236 cancer-related genes) were reviewed. Of 347 patients analyzed, 79 (22.8%) had aberrant CDK 4/6 or CDKN2A/B. Only TP53 mutations occurred more frequently than those in CDK elements. Aberrations were most frequent in glioblastomas (21/26 patients; 81%) and least frequent in colorectal cancers (0/26 patients). Aberrant CDK elements were independently associated with EGFR and ARID1A gene abnormalities There was also a trend toward worse progression-free survival (PFS) with platinum-containing regimens in patients with abnormal CDK elements (3.5 versus 5.0 months, p D 0.13). In conclusion, aberrations in the CDK pathway were some of the most common in cancer and independently associated with EGFR and ARID1A alterations. Patients with abnormal CDK pathway genes showed a trend toward poorer survival, as well as worse PFS on platinum-containing regimens. Further investigation of the prognostic and predictive impact of CDK alterations across cancers is warranted.
Introduction
Aberrations in the cyclin D-cyclin-dependent kinase (CDK)-retinoblastoma (Rb) pathway that regulates the cell cycle restriction point is a common feature of human cancer, contributing to tumor proliferation, genomic instability and chromosomal instability. [1] [2] [3] Cyclin D1 complexes with its catalytic partners, CDK 4/6, leading to Rb protein phosphorylation, and subsequent E2F-mediated transcription of target genes necessary for G1 cell-cycle progression (Fig. S1 ). This pathway can be altered through multiple mechanisms including mutation or loss of Rb, increased signaling through CDK4 and CDK6 amplification, overexpression of cyclin D1, 4 and loss of inhibitors including CDKN2A (p16) and/or CDKN2B (p15). 5, 6 Alterations in the CDK pathway have also been linked to poorer clinical outcome in multiple cancer types including acute lymphoblastic leukemia, 7 ovarian 8 and colon cancer, 9 and medulloblastoma 10 ; preliminary results in breast cancer suggest that these aberrations may be associated with a better outcome. 11 Importantly, there are several inhibitors in clinical trials, with varying selectivity for specific members of the CDK family. 2 Some examples include CDK4/6 inhibitors, palbociclib (PD0332991) and LEE011, and the CDK1/2/5/9 inhibitor, dinaciclib (SCH 727965) which all demonstrated clinical activities for patients with advanced malignancies in early phase clinical trials. [12] [13] [14] Among them, palbociclib (PD0332991), a potent selective CDK4/6 inhibitor, has emerged as an attractive therapeutic option because of its favorable toxicity profile. [15] [16] [17] Recent trials demonstrate prolonged progression-free survival (PFS) in patients with hormone receptor-positive, Her2-negative metastatic breast cancer when the hormone modulator letrozole was combined with palbociclib as compared to letrozole alone (PALOMA-1 trial, median 20.2 months vs. 10.2 months, respectively).
Of interest, CDK pathway abnormalities have been reported in numerous cancers, [7] [8] [9] [10] but the biological implications and landscape of these abnormalities has not been well studied. We therefore used next generation sequencing (NGS) to determine the molecular characteristics and clinical correlates of CDK4/6 or CDKN2A/B abnormalities in 347 patients with diverse malignancies.
Results
CDK4/6 and CDKN2A/B abnormalities Seventy-nine patients (23%) had an abnormality in CDK4/6 or CDKN2A/B (CDK elements) ( Table 1 and Fig. 1 ): 62 cases (18% of 347) with CDKN2A aberrations (48 patients with CDKN2A loss and 14 with mutations); 37 (11%), CDKN2B loss; 13 (4%), CDK4 amplification; and 8 (2%), CDK6 amplification (Fig. 1) . Thirty-eight cases (11%) had more than one abnormality in CDK4/6 or CDKN2A/B.
Clinical and molecular characteristics associated with CDK4/6 or CDKN2A/B abnormalities (univariate analysis) ( Tables 1-2 and Table S1 )
Men more commonly had abnormalities in CDK elements than women (28.5% versus 18.4%; P value D 0.026) ( Table 1) . Older age at diagnosis (50 years old) was Multivariate analysis of association between clinical and molecular characteristics and CDK4/6 or CDKN2A/B abnormalities (Table 3) :
In multivariate analysis, a diagnosis of glioblastoma was significantly associated with CDK4/6 or CDKN2A/B abnormalities (odds ratio [OR] D 11.2; 95% CI: 3.7-34.5, P < 0.0001) ( Table 3) . A diagnosis of breast cancer trended to be less frequently associated with abnormal CDK elements (OR D 0.39, 95% CI: 0.15-1.02, p D 0.057).
Interestingly, EGFR and ARID1A aberrations were significantly associated with CDK4/6 or CDKN2A/B in multivariate analysis (EGFR: OR D 11.9; 95% CI: 3.92-35.7, P < 0.0001) (ARID1A: OR D 3.98; 95% CI: 1.36-11.8, p D 0.01) ( Table 3) . Co-existing EGFR aberrations included amplification, mutation and EGFR vIII ( Table S2 ). All the co-existing ARID1A aberrations were mutations (Table S3) . Indeed, 20 of 26 patients (76.9%) of patients with an EGFR aberration had an abnormality in CDK elements ( Table 2) . Eight of 20 patients with ARID1A aberrations (40.0%) also had an abnormality in CDK elements ( Table 2 ).
Outcome and abnormalities in CDK4/6 or CDKN2A/B (univariate and multivariate analysis) ( Tables 4 and 5) :
To assess the association between aberrant CDK elements and development of metastases, we first excluded hematological malignancies (n D 21) and CNS tumors (n D 46) ( Table 1 and  Table S1 ) from the 347 patients studied. Of 280 patients assessable for development of metastases, 17.9% (n D 50) of patients had abnormalities in CDK elements. Site of biopsies obtained for molecular analysis were similar between the 2 groups (54% [27/50] Table 4) .
We next assessed the overall survival for the 347 patients studied. In univariate analysis, the presence of aberrant CDK elements was significantly associated with shorter survival when compared to patients with normal CDK elements (hazard ratio Table 5) .
In multivariate analysis using the Cox's regression model (variables with P value less than 0.1 from univariate analysis were included [ Table 5 ]: gender [women], diagnosis of glioblastoma, and TP53, CDK4/6 or CDKN2A/B, PTEN, and EGFR aberrations), the only factors independently associated with poorer survival were PTEN and TP53 aberrations (HR D 4.83 and 1.92; P < 0.0001 and p D 0.01 respectively) ( Table 5) . Patients with abnormalities in CDK elements showed a trend for association with worse survival (HR D 1.67; p D 0.09) ( Table 5 ).
Association of abnormalities in CDK4/6 or CDKN2A/B and PFS for first-line therapy (univariate analysis) (Table 4) One-hundred-and-8nine patients were assessable for PFS for first-line therapy. (Twenty-one patients with hematological malignancy were not included for the assessment. The other 137 patients were not assessable because PFS for first-line therapy was not accurately available in the electronic medical record [48 patients] and 89 patients had not undergone first-line drug treatment). Among the 189 assessable patients, 22 percent of patients Table S1 for complete list of characteristics with N < 20. Characteristics selected from Table 1 and 2 with P-value < 0.1. *P-values are from multivariate logistic regression analysis. P < 0.05 was considered to be statistically significant.
(n D 41) had aberrations in CDK elements. When median PFS for first-line therapy was compared between patients with an aberrant vs. normal CDK pathway, there was no statistically significant difference between the 2 groups (aberrant vs normal CDK pathway; 3.3 versus 5.0 months, p D 0.32) ( Table 4 ). We also assessed whether different types of chemotherapy were associated with PFS in first line. Only platinum-containing regimens had a trend for differences in outcome, with worse PFS (median D 3.5 months) in patients with abnormal CDK elements than in those with normal CDK elements (median PFS D 5 months) (p D 0.13) ( Table 4) .
Discussion
An aberration in the CDK pathway is an important feature of human cancer, and leads to G1 cell-cycle progression. [1] [2] [3] In 347 patients with malignancies seen at our center, we found that 79 (23%) had aberrations in CDK4/6 or CDKN2A/B ( Table 1 and Fig. 1) . Aberrant CDK4/6 or CDKN2A/B was the second most common aberration after TP53. The frequency of abnormalities in our current study of diverse tumors is similar to previous reports where loss of p16 (CDKN2A) expression or strong expression of CDK4 evaluated by immunohistochemistry was seen in 33.9% and 15.3%, respectively, of epithelial ovarian cancer. 8 The frequency of CDK4/6 or CDKN2A/B varied by disease, with glioblastoma having the highest frequency, and with no CDK abnormalities found in 26 patients with colorectal cancer ( Table 1) .
As mentioned, CDK4/6 or CDKN2A/B aberrations were significantly associated with glioblastoma (OR: 11.2, 95% CI: 3.7-34.5, P < 0.0001) (Tables 1 and 3) . Indeed, 21 of 26 (81%) patients had abnormalities in CDK elements, making perturbation of this pathway a hallmark of this disease. This result is consistent with previous investigations demonstrating that glioblastoma harbored deletion of CDKN2A in 31-68% of cases [18] [19] [20] [21] and amplification of CDK4 in 18-50% of cases.
18,21
The higher percentages in our study may be due the fact that we examined multiple elements of the CDK pathway. Of clinical interest, in vitro and in vivo studies show that CDK 4/6 inhibition is capable of arresting the growth of glioblastoma. 22 Currently phase 2 clinical trials are ongoing to determine the efficacy of the CDK 4/6 inhibitor, palbociclib, in patients with recurrent glioblastoma (NCT01227434).
In multivariate analysis, glioblastoma was independently associated with CDK 4/6 or CDKN2A/B abnormalities ( Table 3 ). CDK4/6 or CDKN2A/B aberrations showed a trend (p D 0.057) toward a lower incidence in breast cancer (7 of 74 cases, 9.5%) ( Tables 1 and 3 ). However, when CCND1 aberrations were included (CCND 1 also being a CDK pathway component), that trend disappeared (18 of 74 patients, 24.3 % positive for CDK4/6, CDKN2A/B or CCND 1 aberrations; p D 0.43). In patients with breast cancer (estrogen or progesterone receptor positivity and Her2 negativity) (n D 37), 12 (32.4%) had an aberration in CDK4/6, CDKN2A/B or CCND1. This frequency may explain the salutary effects in the study of the CDK inhibitor palbociclib plus letrozole vs. letrozole alone in PALOMA-1 trial in this subset of breast cancer (median PFS D 20.2 versus 10.2 months, p D 0.0004). 12 Our analysis showed that CDK4/6 or CDKN2A/B aberrations were significantly associated with EGFR aberrations (OR: 11.9, 95% CI: 3.92-35.7, P < 0.0001) ( Table 3) . Although aberrant EGFR (usually EGFRvIII or EGFR amplification) was frequent in glioblastoma and often co-existed with CDK4/6 or CDKN2A/B (Table S2) , the correlation between aberrant EGFR and abnormal CDK elements was found to be independent in multivariate assessment. Indeed, 8 of 14 patients (57%) who had EGFR aberrations with diagnoses other than brain tumors, including lung, breast, esophageal, tongue and appendiceal cancer, also harbored aberrant CDK elements. There was also a statistically significant association between aberrant ARID1A, an epigenetic regulator that is known to be a tumor suppressor, 23 and abnormal CDK elements. In a preclinical study, ARID1A has been shown to be essential for both the induction of p21 and the repression of E2F-responsive genes, which are critical for normal cell cycle arrest. 24 Thus having both ARID1A and aberrant CDK elements likely contributes to enhancement of cell cycle progression. However, the clinical significance of and underlying mechanism leading to co-existing aberrations in CDK4/6 or CDKN2A/B and ARID1A are not clear and require further investigation.
In preclinical models, CDKN2A-mutant mice had accelerated tumorigenesis with increased incidence of metastases. 25 Also, in patients with head and neck cancer, increased ratios of CCND1: CDKN2A evaluated by polymerase chain reaction was significantly associated with metastases. 26 However, in our current study, there was no statistically significant difference in median time from diagnosis to metastasis among patients with aberrant vs. normal CDK elements (17.0 months versus 24.2 months; p D 0.20) ( Table 4) . Site of metastases were also similar between the 2 groups, except for the observation that metastases to the brain had a non-significant trend toward higher rates of abnormal CDK4/6, CDKN2A/B (9 of 34 [26.5%] brain metastasis cases had abnormal CDK4/6, CDKN2A/B; p D 0.16) ( Table 1) . Of possible interest in this regard, it has been suggested that CDKN2A is involved in brain development. 27 Whether or not the high incidence of CDK abnormalities in glioblastomas and the trend toward brain metastases in their presence has a clinically meaningful connection or implication for understanding tumor migration to the central nervous system would require additional investigation. It is also interesting to note that the frequency of CDK4/6 or CDKN2A/B aberrations was similar regardless of the site of biopsies obtained for molecular analysis (18.4% from primary vs. 17.4% from metastatic samples; p D 0.83) ( Table 1 ). Although conclusion cannot be made from current study, this observation implies that CDK4/6 or CKDN2A/ B alterations may be an early event in carcinogenesis. We also examined association between abnormal CDK elements and PFS on various front-line therapies. We observed a trend toward worse PFS for platinum-containing regimens in CDK-aberrant patients (median D 3.5 months versus 5.0 months; p D 0.13) ( Table 4) . Interestingly, Kusume et al 8 also reported that individuals with epithelial ovarian cancer and an abnormal CDK pathway (p16 [CDKN2A], pRb, CCND1 and CDK4 evaluated by immunohistochemistry) had a trend toward lower complete response rates (55%) compared to those with a normal G1 pathway (81%) (P D 0.1) when treated with surgery followed by platinum based chemotherapy. 8 The mechanism by which an aberrant CDK pathway might lead to platinum resistance could be by enabling cancer cells to overcome cell cycle arrest, a generally accepted consequence of DNA damage by platinum agents, thus leading to cell survival. 28 Larger, controlled studies would be needed to determine if this relationship to platinum effect is significant.
An altered CDK pathway has also been associated with poorer clinical outcome in multiple cancer types. [7] [8] [9] [10] Our current study shows that, across diverse cancers, in multivariate analysis, independent factors associated with worse survival in our patients included aberrant TP53 or PTEN ( Table 5 ). CDK4/6 or CDKN2A/B abnormalities showed a trend to correlate with poorer survival, HR D 1.67; 95% CI 0.92-3.04; p D 0.09).
Our study has several limitations. First, it was performed retrospectively in a single institution with a relatively limited number of patients. The small numbers in certain histologies precludes definitive conclusions. Second, multiple comparisons could result in overcalling the implications of positive P values. Third, we included heterogeneous cancers. However, the latter could suggest that the conclusions are generalizable across different histologies. Fourth, molecular analysis was performed on archival tumor tissue, which was obtained at a different time points in relationship to the clinical history. Finally, CDKN2A/ B (p16) changes in blood from breast cancer patients undergoing chemotherapy suggests the possibility that treatment could contribute to observed changes in tumor specimens obtained later in the course of disease. 29 In conclusion, we have demonstrated that aberrant CDK4/6 or CDKN2A/B are common in various cancer types (79 of 347, 22.8%) ( Table 1 and Fig. 1 ), being second in frequency to only p53 mutations (44.1%). The rate of occurrence of CDK abnormalities varied by type of cancer, with no CDK aberrations seen in colorectal cancer. In contrast, 81% of patients with glioblastomas harbored CDK alterations. CDK4/6 or CDKN2A/B aberrations were associated with poor overall survival in univariate analysis, and a trend was seen in multivariate analysis ( Table 5) . There was also a trend toward worse PFS with platinum-containing regimens, but not with other chemotherapies, in patients with abnormal CDK elements ( Table 4) . Targeting specific molecular aberrations in cancer has shown remarkable effects in some patients with advanced malignancies. [30] [31] [32] [33] [34] Currently, several CDK4/6 inhibitors are in clinical trials, and studies that select patients with aberrant CDK elements for such agents may be warranted. Of interest, aberrant CDK elements were independently associated with abnormalities in EGFR and ARID1A, suggesting that some individuals might need appropriately targeted combination therapy.
Patients and Methods

Patients
We investigated the CDK4/6, CDKN2A/B aberration status of patients with diverse malignancies that were evaluated at UC San Diego Moores Cancer Center from October 2012 through February 2014. To identify the associations between CDK4/6, CDKN2A/B aberration, cancer behavior and response to therapy, we retrospectively reviewed and analyzed the patient demographics, clinical characteristics, response to therapy, time to metastasis and overall survival. This study was performed and patient consents obtained in accordance with UCSD Institutional Review Board guidelines.
Tissue samples and mutational analysis Available tissue from diagnostic and therapeutic procedures was used to assess molecular aberrations. All histologies were reviewed at Moores Cancer Center. Samples from formalin-fixed paraffin-embedded tissue were sent for targeted next generation sequencing (NGS) at Foundation Medicine (Cambridge, MA). The test sequences the entire coding sequence of 182 (N D 9) or more recently 236 (N D 338 patients) cancer-related genes plus 47 introns from 19 genes often rearranged or altered in cancer to an average depth-of-coverage of greater than 250£ (http://foundationone.com/docs/FoundationOne_tech-info-and-overview. pdf).
Endpoints and statistical methods
Descriptive statistics were used to summarize the baseline patient characteristics. The Fisher's exact test was used to assess the association between categorical variables. Time to metastasis was measured from the date of diagnosis to the first date of metastasis reported. Progression-free survival (PFS) was defined as time interval between the start of therapy and the date of disease progression or removal of therapy for any reason, whichever occurred first. Overall survival (OS) was defined as time from diagnosis to last follow up or death. Patients with ongoing therapy without progression and alive at the last follow-up date were censored for progression-free survival. Patients alive at last follow up were censored for survival. The Kaplan-Meier method was used to estimate the probabilities of time to metastasis and PFS. Log-rank test and Cox regression analysis were used to compare subgroups of patients. All tests were 2-sided and P < 0.1 was included for multivariate analysis. P values < 0.05 were considered significant. Statistical analyses were carried out using GraphPad Prism version 6.0 (San Diego, CA, USA) and SPSS version 22.0 (Chicago, IL, USA).
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